Kepler-452b is currently the best example of an Earth-size planet in the habitable zone of a sun-like star, a type of planet whose number of detections is expected to increase in the future. Searching for biosignatures in the supposedly thin atmospheres of these planets is a challenging goal that requires a careful selection of the targets. Under the assumption of a rocky-dominated nature for Kepler-452b, we considered it as a test case to calculate a temperature-dependent habitability index, h 050 , designed to maximize the potential presence of biosignature-producing activity (Silva et al. 2016 ). The surface temperature has been computed for a broad range of climate factors using a climate model designed for terrestrial-type exoplanets (Vladilo et al. 2015) . After fixing the planetary data according to the experimental results (Jenkins et al. 2015) , we changed the surface gravity, CO 2 abundance, surface pressure, orbital eccentricity, rotation period, axis obliquity and ocean fraction within the range of validity of our model. For most choices of parameters we find habitable solutions with h 050 > 0.2 only for CO 2 partial pressure p CO 2 0.04 bar. At this limiting value of CO 2 abundance the planet is still habitable if the total pressure is p 2 bar. In all cases the habitability drops for eccentricity e 0.3. Changes of rotation period and obliquity affect the habitability through their impact on the equator-pole temperature difference rather than on the mean global temperature. We calculated the variation of h 050 resulting from the luminosity evolution of the host star for a wide range of input parameters. Only a small combination of parameters yield habitability-weighted lifetimes 2 Gyr, sufficiently long to develop atmospheric biosignatures still detectable at the present time.
INTRODUCTION
One of the drivers of exoplanet research is the quest for planets that host a remotely detectable biosphere. This endeavor requires a preliminary identification of planets that have the capability of hosting life on their surface over astronomical/geological time scales. At variance with life confined under the surface, surface life can generate atmospheric biosignatures detectable by means of exoplanet atmospheric spectroscopy (e.g. Tinetti, Encrenaz & Coustenis 2013; Kasting et al. 2014; Seager 2014) . The persistence of habitability conditions over gigayear time scales increases the probability of detecting a diffuse biosphere. The identification of planets with conditions of long-term surface habitability is not trivial, partly because the habitability is influenced by many Contact e-mail: silva@oats.inaf.it factors (e.g. Seager 2013; Güdel et al. 2014 ). However, a preliminary identification can be obtained by searching for terrestrial type exoplanets lying in the habitable zone (Kasting 1988; Kasting, Whitmire & Reynolds 1993; Kopparapu et al. 2013 Kopparapu et al. , 2014 ) of late-type stars for a large fraction of the stellar lifetime. Once an exoplanet with such characteristics is found, a detailed study of its properties is required to understand which are the exact conditions that would maximize the detectability of a potential biosphere.
So far, only a small fraction of known exoplanets lies in the habitable zone (HZ) and, at the same time, is of terrestrial type 1 . Most of these planets have been found around M-type stars, partly because the semi-amplitude of radial velocity curves and the depth of transit light curves become stronger with decreasing mass and radius of the host star. However, planets in the habitable zone of low-mass stars are subject to a number of life-threatening challenges, such as the impact of nearby, intense stellar eruptions and the potentially harsh climate conditions resulting from the synchronization of the spin-orbital periods (e.g. Shields, Ballard & Johnson 2016) . Whether such conditions may allow the presence of a widespread, remotely detectable biosphere remains to be demonstrated. Terrestrial type planets in the HZ of solar-type stars do not suffer from these challenges and therefore are more promising as far as the effective capacity of generating biosignatures is concerned. These planets are particularly difficult to detect and only a few cases have been discovered so far.
At the present time, the best example is Kepler-452b, a terrestrial-sized planet in the HZ of a solar-type central star (Jenkins et al. 2015) . The planetary mass is not currently measured. The probability of a pure rocky composition for this planet has been quantified by Jenkins et al. to lie between 49% and 62%. A rock-ice mixture could extend the probability that the planet is rocky-rather than gaseousdominated. On the other hand, its measured radius, 60% larger than the Earth radius, lies in the super-Earths to sub-Neptunes transition region, where a substantial volatile envelope could be contributing to the observed size. (e.g., Lopez & Fortney 2014; Marcy et al. 2014; Rogers 2015) . Therefore, at this stage any inference on the habitability of Kepler-452b requires to assume its rocky nature.
By comparing the evolution of the insolation flux of Kepler-452b with the insolation limits of the HZ of solartype stars, Jenkins et al. (2015) conclude that Kepler-452b has likely been in the HZ for the past ∼ 6 Gyr and should remain there for another ∼ 3 Gyr. Given the unique conditions of Kepler-452b, a detailed modelization of its climate is required to assess its habitability taking into account a full set of climate factors and not just the (evolution of its) insolation.
As in any study of planetary climate, the use of a hierarchy of models is fundamental to cast light on different aspects of the climate of Kepler-452b. Recently, a coupled atmosphere-ocean GCM with three atmospheric compositions has been used to simulate the climate of Kepler-452b (Hu et al. 2017) . The results of that work indicate that Kepler-452b is habitable if the CO 2 concentration in its atmosphere is comparable or lower than that in the presentday Earth atmosphere. In addition to the atmospheric composition, however, there are several factors unconstrained by observations which may significantly affect the climate of Kepler-452b and have not been considered so far. These factors include orbital eccentricity, planet surface gravity, total surface pressure, rotation period, axis inclination, and ocean coverage. GCM simulations are not suitable to perform a systematic study of all these factors because they require a large amount of computing resources. In the present work we investigate the impact of these factors on the habitability of Kepler-452b using the ESTM (Earth-like planet Surface Temperature Model), a flexible model developed for the study of the surface temperature of Earth-like exoplanets (Vladilo et al. 2015, V15 hereafter) . In addition, at variance with previous work, we provide a quantitative estimate of the fraction of habitable surface of Kepler-452b for each set of planetary parameters considered. The quantitative estimate is calculated with a temperature-dependent index of habitability designed to maximize the potential presence of complex life and atmospheric biosignatures (Silva et al. 2016) . The evolution of stellar luminosity, in conjunction with variations of other climate factors, is also studied to understand the time span of the habitability of this planet. In the next section we briefly explain our methodology and test our model using the results presented by Hu et al. (2017) . In Section 3 we describe the impact of the climate factors on the present-day habitability of Kepler-452b. In Section 3.5 we apply our methodology to explore the evolution of the habitability of Kepler-452b resulting from the gradual rise of the luminosity of its host star. The results are discussed and summarized in Section 4.
METHOD
The ESTM is an upgraded type of seasonal and latitudinal energy balance model (EBM) featuring a multi-parameter description of the planet surface and of the meridional and vertical energy transport. We provide here a summary of its main features and equations, and refer to V15 for more details.
-Diffusion equation for zonal energy balance: We adopt the commonly used diffusion equation of energy balance (e.g., North & Coackley 1979; North et al. 1983; Williams & Kasting 1997; Spiegel, Menou & Scharf 2008 , 2009 , with which the vertical energy balance is computed at each latitude, and the horizontal heat transport is treated as a diffusion process:
where x = sin ϕ, with ϕ the latitude. The equation is solved for T = T(ϕ, t s ), the latitude and seasonal (t s )-dependent surface temperature. All terms depend, directly or through the temperature, on time and latitude, and are per unit surface. The terms for the vertical energy transport are I, the outgoing longwavelength thermal radiation (OLR); S, the incoming stellar radiation; A, the top of atmosphere planetary albedo. The horizontal heat transport is given by the second term of on the left hand side of the equation, the diffusion term, that represents the amount of heat per unit time and area that is exchanged along the meridional direction. C is the zonal heat capacity that drives the thermal inertia of the system. The latitude and seasonal dependence of S is exactly computed as a function of the planetary inclination and orbital parameters. The accounting of longitude-averaged quantities implies that the time dependence refers to the orbital motion, and that the model can be applied only to planets with a rotation period much smaller than the orbital period. The possibility to model planets with a range of characteristics rely on a physically based parametrization of the different terms of Eq. 1, as summarized below (see Section 2 and Figure 1 in V15).
-Horizontal transport:
The meridional transport introduced in V15 is modelled with physically-based algorithms validated with 3D climate models, that mimic the extratropical transport of a rapidly rotating planet (Section 2.1 in V15). The starting point is the definition of the coefficient D of the diffusion term in Eq. 1. In analogy with heat diffusion, it is defined by the following relation:
where 2πR 2 Φ cos ϕ is the net rate of atmospheric energy transport across a circle of given latitude. Φ can be expressed as the zonal flux of moist static energy of the atmosphere. By adopting the analytical treatment of the baroclinic circulation proposed and tested with GCM results by Barry et al. (2002) , V15 derived Φ and therefore D parametrized as a function of planetary properties implied in the horizontal energy transport: planet radius, surface atmospheric pressure, surface gravitational acceleration, planet angular velocity, and relative humidity. The smoothing of the meridional temperature gradient typical of the tropical regions inside the Hadley cell is simulated with a dedicated algorithm aimed to enhance D in correspondence of the thermal equator. The functional dependences of this modelling are tested agaist the GCM model by Kaspi & Showman (2014;  see Figure 3 in V15).
-Vertical transport:
The vertical transport is solved by making use of radiativeconvective atmospheric column calculations.
In the current version of the ESTM, these calculations are performed with standard radiation codes developed at the National Center for Atmospheric Research (NCAR), as part of the Community Climate Model (CCM) project (Kiehl et al. 1998) . In practice, the OLR and top-of-atmosphere albedo A are calculated in clear sky conditions and tabulated as a function of surface temperature, pressure and surface albedo for a given set of surface gravity, relative humidity, and atmospheric composition. With these radiative models, the atmospheric content of CO 2 and CH 4 can be varied as long as these gases remain in trace amounts in an otherwise Earth-like atmospheric composition.
-Parametrization of planetary surface:
The planet surface is parameterized with the coverage, thermal capacity and albedo of oceans, continents and ice, which are tuned with Earth experimental data. A schematic geography can be specified by assigning a constant or zonaldependent coverage of oceans f o , a free parameter. This determines the fraction of continents. The zonal coverage of ice is calculated with an algorithm that depends on the temperature and the fraction of time during which the temperature is below the water freezing point. The zonal coverage of water, continent and ice determines the surface thermal capacity C by averaging over the thermal capacity of each type of surface and its coverage. The ocean albedo makes use of a physical recipe which is a function of stellar zenith distance. The radiative effects of the clouds are accounted for at a later stage by means of a parameterization for their surface coverage, albedo and infrared absorption (details in Section 2.3 of V15).
Given a set of planetary parameters and a set of initial values, the ESTM simulations iteratively search for a stationary solution of the surface temperature T(ϕ, t s ). Full details on the ESTM and its limits of validity are given in Vladilo et al. (2015) .
The solution T(ϕ, t s ) is used to calculate several parameters relevant to the habitability of the planet surface, such as the mean global orbital temperature, < T >, the mean orbital temperature difference between the equator and the poles, ∆T ep , and the mean orbital coverage of ice, f ice . In addition, the fractional habitability of the planet surface is calculated from the solution T(ϕ, t s ) by adopting two temperature thresholds, T 1 and T 2 , representative of the thermal limits of a habitable environment. In practice, we define a boxcar function
We then integrate H(ϕ, t s ) in latitude and time. The integration in ϕ is weighted according to the area of each zone. The integration in t s is performed over one orbital period. From this double integration we obtain an index of habitability, h, which represents the global and orbital mean fraction of planet surface that satisfies the assigned temperature limits. Besides the mean global temperature < T >, also ∆T ep and f ice help to understand why a specific set of climate factors may yield a low or high value of habitability h. For instance, if the equator-pole gradient ∆T ep significantly exceeds the temperature difference (T 2 − T 1 ), the habitability is necessarily low. Also the ice coverage f ice plays a key role in determining h if T 1 is set equal to the melting point of water ice.
The habitability index can be defined in different ways, depending on the choice of the temperature limits T 1 and T 2 . The water melting point, T ice , and boiling point, T vapor , provide pressure-dependent limits that can be used to calculate a liquid water index of habitability, h lw (Vladilo et al. 2013 (Vladilo et al. , 2015 . Alternatively, the biological limits
, typical of multicellular poikilotherms with active metabolism and capability of reproduction (Precht et al. 1973 , Clarke 2014 , can be used to calculate an index h 050 based on the thermal response of life (Silva et al. 2016) . The index h 050 offers two advantages with respect to the liquid water index h lw . First, the photosynthetic production of atmospheric biosignatures is maximized in the interval [0 • C, 50 • C], meaning that exoplanets with high values of h 050 are optimal targets to search for biosignatures in planetary atmospheres. Second, the index h 050 is weakly affected by the uncertainties inherent to the modelization of hot, moist atmospheres, which instead require specific climate models (e.g. Leconte et al. 2013) . In particular, the upper limit T 2 = 50 • C is sufficiently low to prevent the onset of the runaway greenhouse instability, which cannot be tracked with our simplified model. For the above reasons, in the rest of this work we adopt the index h 050 . More details on the thermal limits of life and examples of habitable zones calculated with the h lw and h 050 indices can be found in Silva et al. (2016) .
RESULTS
To simulate the climate of Kepler-452b we adopted the measurements of stellar, orbital, and planetary data obtained from the Kepler mission observations (Jenkins et al. 2015) . In particular, we adopted the stellar luminosity L = 1.21L , 
Comparison with the Earth climate
Among the climate factors measured with the observations of Kepler-452b, the insolation S = 1.10 S ⊕ and radius R = 1.63 R ⊕ represent two major differences relative to the case of the Earth. Quite interestingly, the larger insolation and the larger radius have opposite effects on the mean equatorpole gradient ∆T ep , a critical parameter for habitability. The larger insolation rises the efficiency of the moist transport and decreases ∆T ep . On the other hand, the larger distance between the equator and the poles decreases the fraction of energy delivered to the polar regions and increases ∆T ep . Both effects have been tested with 3D models (e.g., Kaspi & Showman 2015) and are incorporated in the ESTM (Vladilo et al. 2015) . To quantify the combined impact of both factors, we increased the solar luminosity by 10% and adopted a planetary radius R = 1.63 R ⊕ in the reference Earth model of the ESTM, leaving unchanged all the remaining parameters. The higher insolation yields a mean global annual temperature < T >= 307.4 K, significantly higher than that of the Earth, < T >= 289.4 K, but still well within the inter-
In fac the resulting habitability, h 050 = 0.99, is higher than that of the Earth, h 050 = 0.87. This is due to two factors. First, the concurrent change of insolation and radius yields a gradient ∆T ep = 43.6 K < (T 2 −T 1 ), very similar to that of the Earth, ∆T ep = 41.6 K. Second, due to the higher temperatures, the polar coverage of ices disappears, leading to a higher fraction of habitable surface. This result is interesting for illustrative purposes, but is unlikely to reflect the actual conditions of Kepler-452b because, in addition to radius and insolation, also other climate factors of this planet are likely different from the case of Earth, as we discuss below.
Validation test
To perform a validation test with an independent climate model of Kepler-452b, we used the results obtained from the coupled atmosphere-ocean GCM of Hu et al. (2017) . For the sake of consistency, we adopted an orbital eccentricity e = 0, planet rotation period
surface gravitational acceleration g = 1.6 g ⊕ , surface atmospheric pressure p = 1 bar, and 100% ocean coverage. To compare the cases E-CO 2 and L-CO 2 considered by Hu et al. (2017), we adopted CO 2 concentrations of 355 ppmv and 5 ppmv, respectively. The resulting values of mean global orbital temperature, < T >, tropical temperature, T trop , polar temperature, T poles , and ice limit are compared in Table  1 . In the case E-CO 2 the temperature predictions of the GCM and ESTM are reproduced within ∼ 5 K and the ice limit within a few degrees in latitude. In the case L-CO 2 the temperature differences are slightly larger but the ice limits are still very close. Considering the wide differences in the climate models adopted, the agreement is encouraging. The general agreement of the extremes of zonal temperature and of the latitudinal extension of the ice cover suggests that the temperature-dependent habitability index that we adopt would yield very similar results with both models.
Planetary models of Kepler-452b
To perform a large series of ESTM climate experiments of Kepler-452b we introduced a set of planetary models aimed at exploring the parameter space that is unconstrained by the observations. In each model we adopted a fixed value of surface gravity acceleration, g, and CO 2 content in the atmosphere, pCO 2 . As we explain below, we considered two possible values of g and three values of pCO 2 , giving a total of six models shown in Table 2 . We also selected with care the value of surface atmospheric pressure, p. The model parameters g and p are particularly important because they determine the columnar mass of the planetary atmosphere, N col = p/g, which is one of the most critical climate factors not measurable at present time in terrestrial-type exoplanets. Indeed, the atmospheric columnar mass governs the efficiency of the horizontal energy transport and, in conjunction with the atmospheric composition, also the efficiency of the vertical radiative transport. To model N col we adopted a plausible set of p and g values.
To obtain an estimate of g, we combined the measurement of the planet radius, R = 1.63 R ⊕ , with an assumption on the internal composition of Kepler-452b consistent with the observational constraints. According to Jenkins et al. (2015) , the probability that Kepler-452b is rocky, with small or negligible iron core, lies between 49% and 62%. For consistency with their analysis, we adopted a rock mass fraction of 1 in the mass-radius relation (8) of Fortney, Marley & Barnes (2007) , corresponding to a planet of pure silicates. For R = 1.63 R ⊕ , that mass-radius relation yields a mass M = 4.3 M ⊕ and a surface gravity g = 1.6 g ⊕ that we adopt as a reference for the modes RL, RE, and RH in Table 2. According to Jenkins et al. (2015) , the probability that Kepler-452b has an Earth-like rock-iron mixing ratio of 2/3, or a denser composition, is significantly smaller (16% to 22%). This unlikely internal composition was not considered in our models. To assess the impact of the uncertainty of the g parameter, we instead considered the possibility that Kepler-452b has a mean density lower than that of pure silicates. Specifically, we considered the case R = 1.63 R ⊕ and g = 1.0 g ⊕ which, according to the mass-radius relation (7) in Fortney et al. (2007) , corresponds to a rocky planet with an ice mass fraction of 0.25 and total mass M = 2.7 M ⊕ . We adopted these value of g and M for the models OL, OE, and OH.
For each value of g and M we estimated a reference value of p as follows. We started from the hydrostatic equilibrium condition, p = gN col , and the relation N col M atm /(4πR 2 ), where M atm is the mass of the planet atmosphere.
Combining these expressions with the scaling relation g ∝ M/R 2 , one has p ∝ M atm M/R 4 . To derive p from this expression we need an estimate of M atm . The atmospheric mass is hard to predict because it depends on the history of the planet atmosphere, which starts from the acquisition of volatiles at the stage of planet formation and may continue with episodes of late delivery of volatiles, atmospheric loss, and mass exchanges with the surface. For planets more massive than the Earth, as it is the case of Kepler-452b, we may assume that they are capable of retaining their atmosphere.
The best we can do for the other mechanisms is to assume that (1) starting from the last stages of planet formation, the amount of volatiles acquired by the planet is proportional to planet mass, (2) the fraction of atmospheric mass exchanged with the surface is comparable in different planets. This second assumption is reasonable for planets with surfaces undergoing similar geophysical and geochemical processes. With these assumptions, M atm ∝ M and we obtain the scaling relation 2
that we used to estimate the representative values of p shown in Table 2 . Given the uncertainty of this derivation, we also explored the effect of variations of p in a broader interval (see note a in Table 2 ).
To test the impact of variations of atmospheric composition, we experimented three different levels of noncondensable greenhouse gas by changing the content of CO 2 2 The same relation was adopted by Kopparapu et al. (2014) .
in an otherwise Earth-like composition. Specifically, a representative value for the present-day Earth, p(CO 2 )=380 ppmv, was adopted in models RE and OE. The minimum CO 2 content for plants with C4 photosynthesis systems, p(CO 2 )=10 ppmv (Caldeira & Kasting 1992) , was adopted for the models RL and OL. Finally, a CO 2 content 100 times higher than that of the present Earth, i.e. p(CO 2 )=38000 ppmv, was adopted for the models RH and OH.
For the remaining parameters, we explored a range of values of orbital eccentricity, e, planet rotation period, P rot , obliquity of the rotation axis, , and fraction of surface covered by oceans, f o (see note a of Table 2 ). For each one of the six models we performed a series of climate experiments varying p or one of these parameters while fixing the others to the reference values shown in Table 2 .
The present-day habitability of Kepler-452b
For studying the habitability of Kepler-452b at the present time, we adopted the present-day luminosity of the central star, which yields an insolation 10% larger than that currently received by the Earth. Given the critical role of the atmospheric columnar mass p/g, and considering the uncertainty in the derivation of p with Eq. (3), we first investigated the impact of variations of p, which have not been considered in previous studies of Kepler-452b. Fig. 1 shows the impact of a change of surface atmospheric pressure on the habitability of Kepler-452b. The six curves in each panel correspond to the models of Table 2 . Each curve was calculated by fixing the other parameters (see figure caption). In the top left panel one can see that the mean global orbital temperature, < T >, increases with p. This is due to the rise of the greenhouse effect with increasing atmospheric columnar mass, N atm = p/g, at constant atmospheric composition. In the second panel one can see that the mean orbital equator-to-pole temperature difference, ∆T ep , decreases with increasing p. This is due to the rise of the meridional transport efficiency with increasing N atm . Due to the rise of global temperature and the decrease of meridional gradient, the mean global ice cover, f ice , decreases with increasing pressure, as shown in the bottom left panel. The behaviour of the habitability index h 050 , shown in the bottom right panel, can be easily understood in terms of the above effects: at low pressure, the habitability increases with p because the ice coverage decreases; then, when the ice coverage disappears, the habitability decreases due to the rise of surface area with critical temperature T > 50 • C. Table 2 . The other parameters were fixed as indicated in the title of each panel (see table note in Table 2 ). Upper panels: mean global orbital temperature, <T >, and mean orbital equator-pole temperature difference, ∆T ep . Lower panels: ice coverage, f ice , and habitability index h 050 .
Habitable solutions are found in a broad range of surface pressure when the CO 2 content is Earth-like (blue curves) or smaller (green curves). Instead, the habitability drops very fastly with increasing p when the CO 2 content is higher (red curves). The models OE, OL, and OH, with lower planet gravity (dashed curves), are somewhat warmer than the corresponding models RE, RL, and RH, representative of a pure rocky planet with higher gravity (solid curves). The warming is due to the higher atmospheric columnar mass, N atm = p/g, of models with lower g at fixed p. As a result of the warming, the habitability may increase or decrease, depending on the presence of ice cover or not. The bottom right panel of Fig. 1 shows the importance of having a measurement or at least an information on p in order to assess the planetary habitability. In the case of the rocky planet models, the intersections of the habitability curves (solid lines) with the reference value of pressure (p = 2.6 bar; Table 2 ), indicates that the planet is habitable only when the CO 2 content is . Impact of orbital eccentricity, e, planet rotation period, P rot , and axis obliquity, , on the surface temperature and habitability of Kepler-452b for the six planetary models listed in Table 2 (see legend in Fig. 1 ). The surface pressure of the rocky planet models (solid curves) and ocean/rocky models (dashed curves) was fixed to the reference values p = 2.6 bar and p = 1.0 bar, respectively (see Table 2 ). The other parameters were kept fixed as indicated in the title of each panel (see also note in Table2).
equal or lower than the Earth's value. A similar result is found for the models with lower gravity by comparing the reference value (p = 1.0 bar) with the corresponding curves of habitability (dashed lines). In the rest of this discussion we adopt these reference values of p to explore the impact of variations of other orbital and planetary parameters.
In the top panels of Fig. 2 we show the impact of variations of orbital eccentricity, e. A study of this effect is required because the orbital eccentricity of Kepler-452b is poorly constrained by the observations (Jenkins et al. 2015) . The mean insolation flux increases with eccentricity according to the relation S ∝ (1 − e 2 ) −1/2 (see, e.g., Vladilo et al. 2013) . In absence of a measurement of e, Jenkins et al. (2015) weighted this flux with a probability density for eccentricity developed by Rowe et al. (2014) for multiple transiting planets. In this way, they derived a mean weighted insolation flux 1.17 S ⊕ and concluded that uncertainties in the eccentricity do not significantly affect the habitability of Kepler-452b. However, the probability density for eccentricity of Rowe et al. (2014) may not be appropriate, because Kepler-452b is a single transiting planet and the distribution of eccentricities is broader for exoplanets that are not part of a multiple transit system (Xie et al. 2016) . For this reason we re-assessed the potential impact of eccentricity on the habitability of Kepler-452b. With the ESTM we can estimate the fraction of habitable surface at each phase of the eccentric orbit, taking into account latitudinal variations of insolation and the impact of flux variations on the ice cover. The rise of global temperature with increasing e calculated by the ESTM is visible in the top left panel of Fig. 2 . This rise is accompanied by a moderate decrease of the equator-pole temperature gradient (central panel). The resulting index of habitability shows a sharp drop around e ∼ 0.3 − 0.4 for all models (right panel). Before this drop, the models with minimum CO 2 content (green curves) show an initial rise of habitability with increasing e due to the reduction of the ice cover. The (low) habitability of the models with high CO 2 content (red curves) vanishes completely at e ∼ 0.3. This complex phenomenology is completely missed when the habitability is estimated only from the mean insolation flux.
In the central row of panels in Fig. 2 we show the impact of variations of rotation period, P rot , which so far have been not considered for Kepler-452b. Planetary rotation affects the horizontal transport on the planet surface due to the presence of Coriolis forces which tend to inhibit the transport from the tropics to the poles. At the moment, the observations are unable to constrain the rotation period of rocky exoplanets (for giants see e.g. Snellen et al. 2014) . Theoretical arguments may lead to constrasting predictions on the rotation properties of Kepler-452b. On one side, the example of the Solar System shows that planets with larger masses rotate faster than the Earth, probably due to the conservation of angular momentum of a larger amount of material accreted at the stage of their formation. This argument would support a moderately high rotation speed since the mass of Kepler-452b is somewhat larger than that of the Earth. On the other side, the host star Kepler-452 is older than the Sun (∼ 6 Gyr; Jenkins et al. 2015) and this gives sufficient time to neighbouring bodies, if any, to slow down the rotation period of Kepler-452b by means of tidal interactions. This tidal breaking scenario is currently not supported by observations because the planet is far from its central star and no other planets have been found in its vicinity. However, the presence of undected neighbouring bodies, including exomoons with strong tidal effects, cannot be excluded. Given this uncertain scenario, we have explored the impact of variations of rotation period in the range 0.5 P rot /d 2, where the ESTM predictions have been validated with GCM experiments (see Vladilo et al. 2015) . In this range, the ESTM predicts modest changes of the global temperature of Kepler-452b (middle row of Fig. 2 , left panel). On the other hand, the equator-pole gradient decreases significantly with increasing P rot (central panel) due to the reduction of Coriolis forces and the consequent rise of meridional transport efficiency. The resulting impact on the habitability index h 050 is shown in the right panel. For the models with low CO 2 content (green and blue curves) the rise of the equator-to-pole transport efficiency cools the tropical regions and even increases the habitability. For the model with high CO 2 content (red curves), the same mechanism warms the polar regions but is unable to effectively cool the tropics, and a large fraction of the planet surface warms above T ∼ 50 • C. In this case, the rise of meridional transport decreases the already low habitability.
Variations of obliquity of the planet rotation axis, , are well known to influence the climate and have not been investigated so far for Kepler-452b. The axis tilt determines the seasonal and latitudinal insolation of the surface and, as a result, it governs the strength and direction of the temperature gradients which drive the atmospheric circulation. At low axis tilts, the temperature gradient drives the circulation from the tropics to the poles, as in the case of the Earth. When the tilt is high, the seasonal changes generate an evolving pattern of temperature gradients that can only be tracked with 3D climate models (e.g. Ferreira et al. 2014 ). The ESTM calculates exactly the seasonal and latitudinal insolation, but is able to simulate the atmospheric transport only for moderate values of the axis tilt. The bottom panels of Fig. 2 show the impact of variations of the axis obliquity in the range 0 • 45 • where the ESTM has been validated with 3D climate experiments. In the left panel one can see that the impact on the mean global temperature is relatively small. However, the equator-pole temperature gradients decreases significantly with increasing (central panel) because at high axis tilt the insolation has a very different latitudinal distribution at different phases of the orbital period. The resulting habitability is shown in the right panel. For the models with low CO 2 content (green and blue curves) the more even latitudinal distribution of insolation prevents eccessive heating in any specific zone and increases the habitability. For the model with high CO 2 content (red curves), the broader distribution of insolation warms above T ∼ 50 • C the polar zones which would be cooler at ∼ 0 • . In this case, an increase of axis tilt decreases the already low habitability.
In addition to the above planetary parameters, we also explored the impact of variations of the ocean/continental coverage on the habitability of Kepler-452b. In the coupled atmosphere-ocean GCM simulations of Hu et al. (2017) a ocean coverage of 100% was adopted. In the ESTM we can define a schematic geography by changing the fraction of oceans and continents in each latitude zone. At variance with the coupled atmosphere-ocean GCM, the ESTM does not include the ocean transport, but it does take into account differences in albedo, thermal capacity and cloud cover between oceans and continents. For simplicity, we adopted a constant fraction of oceans, f o , and continents, 1− f o , in each latitude zone and we explored the effect of varying the ocean coverage in the range 0.1 f o 1. We found a modest increase of <T > and very small changes of ∆T ep with increasing f o . In the models with minimal CO 2 content, the ice cover shows a moderate decrease with increasing f o , leading to a weak rise of habitability. In the models with Earth-like and higher CO 2 content, the ice cover is negligible and the habitability shows a moderate decrease with increasing f o . To understand how the ocean transport would modify these results, a series of atmospheric-ocean GCM simulations with different geographies should be performed. Figure 3 . Effect of the CO 2 abundace on the evolution of the habitability index h 050 . h 050 is shown as a function of the stellar luminosity L (t)/L (6 Gyr), of the corresponding insolation relative to solar S(t)/S 0 (reported for e=0), and of the stellar age in Gyr. Left panel: red, black and blue lines are for RH, RE, RL respectively as defined in Table 2 . Right panel: red, black and blue lines are for OH, OE, OL respectively as defined in Table 2 . See text for details.
Evolution of the planet habitability
The surface habitability of a planet evolves on the long term as a function of planetary, astronomical and possibly biological factors. The potential generation of detectable atmospheric biosignatures requires long-term climate stability and habitability. A basic estimate of the habitability timescale can be calculated from the time spent by the planet in the HZ during the main-sequence luminosity evolution of the host star, assuming non-evolving orbital factors. The width of the classical HZ is computed by assuming an evolving atmospheric composition, with the inner edge defined by the onset of a runaway or moist greenhouse instability in a water-vapor dominated atmosphere, and the outer edge defined by the maximum greenhouse effect allowed by a CO 2 dominated atmosphere (e.g. Kasting et al. 1993; William & Kasting 1997; Kopparapu et al. 2013) . The latter limit rests on the assumption that a carbon-silicate geological negative climate feedback acts on exoplanets as it does on Earth to regulate the amount of CO 2 as a function of surface temperature (Walker, Hays & Kasting 1981; Kasting et al. 1993 ). However, the development and longterm maintainance of a geologic activity on exoplanets of different masses (e. In our work we use a stellar luminosity track to account for the luminosity evolution of the host star and we estimate the impact of variations of the atmospheric composition using the three values of CO 2 defined in Table 2 . For each value of CO 2 we calculate the evolution of the habitability index h 050 as a function of planet insolation. The habitability time span is calculated from the range of insolations which yield h 050 > 0. As explained in Section 2, the relatively low maximum temperature allowed by this biosignature-optimized index allow to avoid the uncertainties inherent to the onset of water-vapor driven climate instabilities, which our model can not track. The minimum and maximum insolation values within which h 050 > 0 provide a maximum habitability time span, ∆t h = t (S max ) − t (S min ). Since within this time interval the habitable surface fraction of the planet is not constant, we also calculate an effective habitability time obtained by weighting each time step by the corresponding value of h 050 : τ h = h j δt j , where δt j is the stellar age increment for a given insolation increment (see Silva et al. 2016 ). In practice, by providing larger weight to stellar evolutionary phases corresponding to larger surface habitality fractions, τ h provides a timespan more representative from the habitability point of view. We may expect that in a habitable h 050 > 0 condition, but involving a small surface fraction even for a total time of a few Gyr, a widespread production of biosignatures would be difficult. By setting a minimum value for τ h as a reference for the potential production of biosignatures (2 Gyr, see below), we are also imposing a minimum average habitable surface fraction during the total lifetime ∆t h ( 30% with the range of values ∆t h ∼ 3 to 7 Gyr found for our models, see below and Fig. 6 ).
To select the stellar luminosity track, we adopted the properties of the host star Kepler-452 (KIC 8311864), a G2 main sequence star, as determined by Jenkins et al. (2015) by spectroscopic observations and stellar models. The faintness of the star did not allow direct mass, radius and age measurements via asteroseismology. By taking as a reference the current luminosity of the star, 20% higher than the solar luminosity, its estimated current age of 6 Gyr and a metallicity ∼ 60% higher than solar (values in table 2 models (Bressan et al. 2012 ) a stellar track with M =1.05 M and Z = 0.03. These stellar models include also the pre-MS evolution, a phase characterized by fast variations of the stellar luminosity and possibly of the orbital and planetary parameters, including volatiles accretion. We consider the luminosity evolution of the star since its first arrival on the MS, when also planetary dynamical stability may be established, and variations of the atmospheric mass may be considered mild if a solid crust has formed and atmospheric loss can be neglected. Since each evolutionary curve of habitability is calculated at constant CO 2 our estimates of ∆t h and τ h should provide lower limits to the habitability timescales compared to the case in which a CO 2 stabilizing feedback is at work.
The evolutionary track that we have adoped enters the MS at an age of t i = 0.045 Gyr with an initial minimum luminosity L (t i )/L (6Gyr) = 0.58. The habitability evolution is computed as a consequence of the increase of the insolation received by the planet as the star ages along the MS:
given by the track, and the current insolation with respect to solar given by S(6Gyr)/S = (L (6Gyr)/L )/a 2 / (1 − e 2 ), 10% higher than solar for zero eccentricity.
In Fig. 3 we show the evolution of h 050 for our reference rocky and ocean models as defined in Table 2 , for the 3 CO 2 abundances, as a function of the stellar luminosity L (t)/L (6 Gyr), of the planetary insolation relative to solar S(t)/S for e=0, and of the age of the star. In both panels of Fig. 3 a similar trend of the habitability as a function of the insolation and of the CO 2 abundance is obtained. As expected, the insolation and age values for which h 050 > 0 are a strong function of the atmospheric composition. The larger greenhouse effect of the RH and OH models implies that the planet would currently be almost out of the HZ (red lines), unless in the meantime the CO 2 abundance had decreased. In fact, for the rocky case, the total ∆t h would be 8 Gyr if the CO 2 amount were to adjust at increasing insolation within the range considered in Fig. 3 . This extended total Figure 6 . Total habitability-weighted time versus total span of time for which h 050 > 0. The reference models as defined in Table 2 are indicated with their names. The red, black, and blue colors refer respectively to the high-, earth-like, and low-CO 2 content for the rock case (see Table 2 ). Instead the Ocean-rock planet case is in green for the 3 compositions. The labels of the other cases refer to that single parameter varied with respect to the reference models of Table 2 . The parameter is identified by its initial name (e=eccentricity, p=pressure, r=rotation period, o=obliquity) and its value. For clarity the intermediate e=0.25 cases are not shown, and the p=0.5 bar case is shown only for the red models. The asterisks highlight those models which currently (6 Gyr) have h 050 0.5. Those models that currently have still h 050 > 0 and have had at least τ h, d o ne 2 Gyr since the start of their HZ are highlighed by a magenta romb. These are the most interesting cases for the potential presence of atmospheric biosignatures.
lifetime is close to the one estimated by Jenkins et al. (2015) . According to the E (black lines) and L (blue lines) models the planet would currently be still habitable, with ∼ 62% and 76% habitable surface respectively for RE and OE in their declining phases, while for RL and OL the peak value of the habitability would have not yet been reached. In all cases, even though the widths of the HZ are comparable in insolaton (∆S ∼ 0.4 − 0.5) the correspondig extention in time is maximized for early habitabilities (discussed below).
In Fig. 4 the effect of the different parameters on the habitability of the model RE is shown. In each panel one single parameter per time has been varied. As shown in Figs. 1 and 2, the variations of pressure and eccentricity heavily impacs on both the surface temperature and its gradient. Because of this, they determine a net shift of the HZ in insolation/time. On the other hand, different obliquities and rotation periods, within the range of values we can consider in our model, imply a larger effect on the surface energy distribution than on the absolute mean temperature. As a result, they cause an important modulation of the habitability curve but not net shifts. Particularly important is the flattening of the surface temperature gradient obtained at 45 • obliquity (Fig. 2 bottom central panel) that allows an extended phase of constant 100% habitability (blue curve, bottom left panel of Fig. 4) . A more efficient surface energy redistribution is obtained also by increasing the planet rotation period (Fig. 2 middle panel) . The increase of P rot from 0.5 to 2 days (bottom right panel of Fig. 4) , that is the maximum value we can reliably consider with our model, produces a general increase of the habitability curve.
In all other cases, the habitability results peaked at an optimum insolation at which the surface temperature gradient has reached a minimum value (due to the increasing moist transport for increasing insolation) before the equatorial latitude zone overcomes the maximum allowed temperature of 50 • C, at this point the equatorial habitability drops to 0, causing the sharp drop of h 050 after the maximum. The habitability depends on the steepness of the latitude temperature profile and temperature extreme values with respect to the temperature range chosen as the habitability criterium. In Figs. 1 and 2 it can be seen that most models have ∆T ep > 50 • C (and generally less steep but for very hot models), for this reason a 100% habitability is almost never reached, and the habitability curve is peaked unless a very efficient surface energy redistribution is at work (e.g. at high inclinations). As discussed in Section 3.1, a large planetary radius increases the equatorial to polar temperature differences that are partly counterbalanced by the opposite effect of an increasing insolation. But at the same time the latter causes maximum temperatures higher than the allowed limit before smoothing the temperature profile enough for an extended period of high habitability. As an explicit example we show in Fig. 5 the effect on temperature and habitability that a smaller radius would have on the reference RE model. The left panel shows the h 050 index vs insolation for the RE model (in black) and the same model but with R=1.0R ⊕ (in red). In the right panel the corresponding mean global temperatures (thick lines), minimum and maximum planet temperatures reached in any latitude strip alog the orbit (thin lines), and ∆T ep (dot-dashed lines) are shown. The different efficiency of the meridional energy distribution has a minor effect on < T >, but heavily affects the latitudinal temperature profile and the temperature extremes, and the interplay of these quantities determines the value and extent of the habitability.
A summary of the time extent of the habitability as a function of the different models discussed so far is shown in Fig. 6 . We plot the total h 050 -weighted time τ h versus the total time span ∆ t h for the reference models, labeled with their names on the plot. For the rocky planet case, we label each model according to that single parameter that has been varied from the RL, RE or RH case reported in Table 2 , with the color indicating the CO 2 abundance (respectively blue, black and red for L, E and H). The three O models (all in green) are shown only for the reference choice of parameters. Since the rate of the stellar luminosity evolution increases with age, for a given width of the HZ in insolation, the corresponding habitability time span depends on when, during the stellar evolution, the right conditions are met (e.g., for the track we have adopted, dL/dt ∼ 0.05, 0.07, 0.11, 0.2 L /Gyr at t = 1, 3, 6, 8 Gyr respectively). As a result, those solutions that imply earlier habitability in the stellar evolution are characterized by longer total lifetime spans. This is evident from the general increase of both ∆ t h and τ h from the L to the E and H composition. This same trend is found for increasing p and e at a given composition. The drop for the RH cases with p = 5 bar and e = 0.5 is because the HZ would extend to luminosities lower than the minimum luminosity of the star at the start of the MS. Within a given composition, the trend is reversed for increasing rotation period, so that a slower rotating planet implies higher effective τ h due to the larger habitability in spite of the shorter total time span. This is more evident with the different values of the inclination. Quite large differences in ∆ t h are in all cases obtained by increasing the obliquity, but with a not so marked difference on the corresponding weighted time for the 3 obliquity values due to the much larger values of the habitable surface fraction reached in particular at 45 • .
The asteriscs highlight those models for which currently the planet would have more than 50% of its surface habitable. This excludes all the high-CO 2 cases, except at low pressure (p 0.5 bar). The magenta rombs highlight those models that currently have still h 050 > 0 and for which the effective habitability time has been, since the start of the HZ up to the current age of 6 Gyr, τ h,done 2 Gyr. In Silva et al. (2016) we took 2 Gyr as a reference lower limit for the potential development of a widespread biosignature-producing biological activity. In principle, even for those cases currently on the verge of exiting their habitable phase, potentially still detectable atmospheric biosignatures could be possible. All models with low CO 2 content, except the RL cases with p 0.5 bar, have a total 2 < τ h < 2.5 Gyr, but there would not have been enough time yet to pollute the atmosphere. Instead, due to the late start of the right conditions, for these models a relatively long residual lifetime (τ h,res 1 Gyr) would be possible. Our reference cases RE and OE with a residual effective time τ h,res shorter than 1 Gyr, would anyway be in a promising condition for the potential presence of atmospheric biosignatures.
DISCUSSION AND CONCLUSIONS
Currently Kepler-452b is the best available example of a terrestrial-size and probably rocky planet within the habitable zone of a solar-type star. Several works exploring the frequency of planets in the Galaxy, generally agree on an expected common occurence of Earth-like rocky planets around solar and later type stars (e.g., Traub 2012; Fressin et al. 2013; Petigura, Howard & Marcy 2013; Batalha 2014; Foreman-Mackey, Hogg & Morton 2014; Silburt, Gaidos & Wu 2015) . This expectation is further supported by theoretical planet formation models (e.g. Mordasini et al. 2015 for a thorough review). It is therefore predictable that future observational facilities will increase the detection of rocky planets in the HZ of not only M-type but also of solar-type stars, even if a deep characterization of long period rocky planets will probably have to wait for dedicated missions such as PLATO, whose targets should be accessible by the next generation large telescopes .
The present study is a test case for planets whose number is expected to increase in the near future, but whose characterization needs to await longer times. For these planets, it is important to highlight the most promising targets in terms of potential presence of atmospheric biosignatures. To this aim, we have explored the surface fractional habitability of Kepler-452b with a temperature-dependent index designed to maximize the potential presence of biosignatureproducing biological activity (Silva et al. 2016) . We have computed the surface temperature with our climate model (ESTM, Vladilo et al. 2015) , as a function of the known planeray parameters as measured by Jenkins et al. (2015) , and of the yet unknown parameters. The measured quanti-ties for Kepler-452b do not currently include its mass. The probability of a pure rocky composition for this planet has been quantified by Jenkins et al. to lie between 49 and 62%. At lower mean densities, ice-rock mixtures could extend the probability of a rocky-rather than a gaseous-dominated planet. But at this stage the rocky nature, at the base of the habitability studies, has to be assumed.
We have first validated our model by comparing with the GCM computations for Kepler-452b by Hu et al. (2017) . We have then explored the habitability of Kepler-452b for 2 values of surface gravity (g=1.6 and 1.0 g ⊕ ), 3 values of CO 2 abundances (earth-like, 100 times higher and ∼ 3% the earth value), and a range of values of pressure, eccentricity, rotation period, axis obliquity and ocean surface fraction. Most of these parameters have been explored here for the first time.
The main results of our parameter exploration of the present day habitability are: (i) most combinations of the parameters yield habitable solutions for Kepler-452b, particularly for an Earth-or lower CO 2 abundance. For the high CO 2 abundance case, the surface pressure should be 1 − 2 bar to allow 20% habitability, and 0.5 bar for 50% habitability. For lower CO 2 content, most solutions have currently 50% habitable surface; (ii) the strongest effect on surface temperature are due to atmospheric composition, surface pressure, and eccentricity. However even those parameters that, within the range we have explored, do not imply significant variations of the mean global temperature (e.g., P r ot , and f o ) give rise to extremely different values of the habitable surface; (iii) therefore, the mean global temperature may be taken just as an indication of the general planetary surface condition, the habitability being dependent on the details of the temperature latitudinal gradient and its orbital evolution. This means that the habitability depends on if and when the extreme values of temperatures are within or out of the temperature range of the adopted habitability criterium. All the considered parameters concur to determine the exact value of the habitability; (iv) the large planetary radius, that damps the meridional energy transport, tends to steepen the latitudinal temperature gradient above our adopted habitable temperature range. This is partly offset by the opposite effect caused by a relatively high insolation (that rises the efficiency of the moist transport), determining for most cases a quite large current habitability.
Since atmospheric biosignatures may conceivably be produced in detectable amounts only in presence of a widespread and long term surface biological activity, we have also estimated the effect of the stellar luminosity evolution on the habitability lifetime span. This provides a basic and lower limit lifetime, if geological negative feedbacks stabilize the climate. The curves of habitability evolution that we find are in most cases very steep and with a maximum habitability < 1 due to the equatorial temperature overcoming the maximum allowed temperature before the latitude temperature profile can be sufficiently smoothed by the increasing insolation. The habitability time span is maximized early in the stellar evolution due to the increase in time of the rate of the stellar luminosity evolution. For all models (except the low CO 2 and low pressure case), the total lifetime is 2 Gyr (in terms of the habitability-weighted time we have adopted as a more meaningful quantity), that we take as a representative minimum value for the development of widespread biological activity. All high-CO 2 models that currently are on the verge of exiting their habitable phase would have had enough time to potentially produce atmospheric bisognatures. This holds also for our reference models with earth-like composition (RE and OE models) that in addition would currently have high habitability ( 50%), but with a residual lifetime 1 Gyr. High current habitabilities with long residual lifetimes are found for most low-CO2 models, but in this case with not enough elapsed time for a potential atmospheric pollution. For our reference rocky model, if the CO 2 amount is allowed to evolve within our explored range, the total non-weighted lifetime would be 8 Gyr. Similarly, the presence of an active biosphere could counterbalance the effects of the changes in the stellar luminosity and prolong the habitability period if a negative feedback mechanism is in place, such as that conceptualized in the parable of Daisyworld by Watson & Lovelock (1983) . Such possibility will be explored in a future work.
All these results depend on the choice of a value of mass and surface gravity. It can be expected that these quantities and the eccentricity will become measurable in the future for habitable planets around solar type stars. The largest uncertainties will then be the atmospheric properties. We have shown that the latter, together with the other unknown planetary parameters have to be taken into account to quantify the potential surface habitability of exoplanets.
